Previous studies with 31 strains of Serratia marcescens, including 28 reference O-serotype strains, have indicated that 19 of them have an acidic polysaccharide which copurifies with lipopolysaccharide during phenol-water extraction. Polysaccharide in crude extracts from 18 of the 19 strains was precipitated with Cetavlon (hexadecyltrimethyl ammonium bromide), and capsules were demonstrated around these 18 strains by Indian ink exclusion zones. Capsule-antibody binding by the Quellung reaction suggested that the acidic polysaccharide formed the capsule around the bacterial cells. Anticapsular (anti-K) antibody was detected in reference O antisera which had been prepared against boiled whole cells. Cross-titration and absorption studies revealed 14 different K antigens among these strains.
MATERIALS AND METHODS
Strains. The O-serotype strains O1 to O24 were those strains described previously (12) . Four new O-serotype strains, O25 to O28 (4, 5, 28) , were included, together with three additional strains of known O type: CDC 1783-57 (serotype O8), clinical isolate S86/3049 (serotype O21), and isolate IP421 (serotype O14) (8, 11, 17) . All strains were maintained on nutrient agar (NA) and were stored at Ϫ20ЊC on 2-mm glass beads in nutrient broth (Oxoid CM67) plus 20% (vol/vol) glycerol.
Polysaccharides. For the isolation, separation, and structural characterization of surface polysaccharides, batch cultures (20 liters) were grown in nutrient broth at 30ЊC for 16 or 24 h in a stirred, aerated fermentor. The cells were disintegrated mechanically (Dyno-Mill KDL), and the cell walls were purified and freezedried. LPS and acidic polymers were obtained by treatment of the defatted cell walls with aqueous 45% (wt/vol) phenol for 15 min at 68 to 72ЊC, followed by cooling, centrifugation, and exhaustive dialysis of the aqueous phase. Watersoluble polymeric products released by mild hydrolysis of the products (aqueous 1% acetic acid, 100ЊC, 2.25 h) were isolated by chromatography on Sephadex G-50 and were fractionated by stepwise elution from DEAE-Sepharose CL-6B. By this general procedure, acidic polymers were isolated from strains O1 (14) , O2 (19) , O3 (21) , O4 (18) , O6 (7), O13 (17) , O14 (7), O15 (20) , O18 (23) , O22 (24) , O23 (22) , and IP421 (17) , and their structures were determined. Other acidic polymers (which were incompletely characterized) were isolated from the O5, O7, O11, O12, O28, CDC 1783-57, and S86/3049 strains.
Antisera. The standard O-typing rabbit antisera, prepared individually against heat-killed cells of each of the 28 serotype strains, were used throughout (25) . Normal rabbit serum was collected by exsanguination of a nonimmunized rabbit.
Serum absorptions. Overnight bacterial growth from four 15-cm NA plates was harvested into approximately 25 ml of 0.4% (vol/vol) Formol saline. The cells were pelleted by centrifugation at 2,500 ϫ g for 1 h and were thoroughly resuspended in 4.5 ml of phosphate-buffered saline (pH 7.2) containing 0.02% sodium merthiolate. After the addition of 0.5 ml of the antiserum to be absorbed, the suspension was incubated at 37ЊC for 2 to 3 h on a rotary mixer and then overnight at 4ЊC. The suspension was centrifuged at 27,000 ϫ g for 1 h and filtered through a 0.2-m-pore-size membrane filter, and the filtrate was stored at Ϫ20ЊC.
Indian ink staining. Strains were grown on either NA or King's A (KA) agar (15) at 30ЊC overnight, and two to three colonies were emulsified in 1 to 2 ml of Formol saline to produce a light suspension. A 20-l drop of this suspension was placed on a microscope slide adjacent to a similar-sized drop of Indian ink (Rotring-Werke, Hamburg, Germany). A coverslip was applied, and excess fluid was pressed out and blotted by using thumb pressure. The resulting thin film was viewed under an oil immersion ϫ100 objective. The presence of a capsule was indicated by exclusion of the Indian ink granules around the bacterial cell (see Fig. 1a and b) .
Quellung reaction. Cell suspensions and antisera were mixed on a microscope slide and were viewed by using phase-contrast illumination, as described previously (4), to reveal the presence of a capsule as a result of a change in refractive index due to antibody binding (see Fig. 1c and d) .
Cetavlon precipitation. Microscope slides (3 by 1 in.) were covered with 2.5 ml of molten Tris-barbitone agar (1% SeaKem LE agarose [FMC Bioproducts, Rockland, Maine] in 70 mM Tris-20 mM barbitone-4 mM calcium lactate [pH 8.6]), which was then allowed to set at 4ЊC. A central trough, 2 mm wide, was marked on the agar with a template, and a 2-mm well was punched on either side. The overnight growth from one-fourth of a KA agar plate, incubated at 30ЊC, was emulsified in approximately 1 ml of 0.4% Formol saline to give a suspension of approximately 10 9 CFU/ml, and this was heated at 60ЊC for 20 min. Each well was loaded with 6.5 l of suspension, and electrophoresis was carried out in a horizontal electrophoresis tank (Shandon Southern Instruments Ltd., Runcorn, United Kingdom) at 7 V/cm for 90 min in Tris-barbitone buffer. The agar was removed from the trough, which was then filled with 0.2% Cetavlon (hexadecyltrimethyl ammonium bromide; Sigma Chemical Co. Ltd., Poole, United Kingdom). The slides were placed in a humidified box and were left at room temperature overnight before the positions of the precipitin arcs were recorded.
Isolation of phage-resistant acapsular variants. Capsular serotype strains were tested with the S. marcescens typing phages (26) at their routine test dilution (RTD) to identify those phages that produced capsular depolymerase halos around plaques. Although the mode of action of these phages has not been determined, studies with Escherichia coli phage K29 have shown that the virus hydrolyzes the receptor polysaccharide (6) . Since the enzyme responsible is able to diffuse away from the zone of phage lysis, its activity can be detected as a halo of an apparently less dense growth of cells denuded of the capsular material. Such phages were spotted, at 100 RTDs, on a phage-typing agar plate (27) that had been seeded with a 4-h tryptone soy broth culture of the bacterial strain. After overnight growth at 30ЊC, at least three resistant colonies were picked from within the lysed area for each strain-phage combination and subcultured in tryptone soy broth. Each culture was tested with the appropriate phage at 100 RTDs, and if it was resistant, it was plated onto KA agar for testing by the Quellung reaction. If no capsule was detected, the acapsular variants were stored on 2-mm glass beads in 20% (vol/vol) glycerol broth at Ϫ20ЊC.
RESULTS

Polysaccharides.
Fifteen different acidic polysaccharides were distributed among 19 of the 31 strains of S. marcescens examined ( Table 1) . Eleven of the reference strains (O8, O9, O10, O16, O17, O19, O20, O21, O24, O26, and O27) produced only neutral polymers, O11 and O13 produced only acidic polymers, O25 produced neither acidic nor neutral polysaccharide, and the remainder produced polymers of both types. The A13 polymer occurred in the O13 reference strain and also in strain IP421, while the A6/A14 polymer was apparently present in strains belonging to four different serogroups (O6, O8 [CDC 1783-57], O14, and O21 [S86/3049]). The limited information provided by partial separation of some acidic and neutral polymers by chromatography on Sephadex G-50 or by ultracentrifugation of the crude LPS indicated that the former type had the greater degree of polymerization. Acidity was variously conferred by D-glucuronic acid (10 polymers), D-galacturonic acid (4 polymers), pyruvic acid (3 polymers), or ether-linked lactic acid or glutamic acid (1 polymer each). In most instances, the polymer contained only one acidic residue per repeating unit, giving a low charge density. The repeating units were generally large, varying from tetra-to heptasaccharides, were mostly branched (11 polymers), and were commonly O-acetylated (10 polymers).
Indian ink. Preliminary studies indicated that capsules were visible only when the organisms were grown on KA agar and that capsule formation was optimal at room temperature after 48 h or overnight at 30ЊC. There was a good correlation between the presence of acidic polysaccharide, as determined by the chemical studies, and a positive Indian ink reaction (Table  1 ; Fig. 1a and b) . Among the 29 strains, two discrepant results were obtained. First, a capsule could be seen around cells of strain O9, although no acidic polysaccharide was detected for this strain, and second, there were no exclusion zones around serotype O11 cells, even though an acidic polysaccharide was obtained from this strain.
Quellung reaction. All O antisera were tested undiluted in the Quellung reaction with their homologous serotype strain, and all those strains, including strain O9, identified as having capsules by the Indian ink reaction also reacted with their homologous serum (Table 1 ; Fig. 1c and d) . Acapsular strains failed to give a halo, as did the O11 strain. Three serotype strains (strains O5, O13, and O23) with known acidic polysaccharides did not produce easily discernible halos, but the cells were clearly larger than the controls tested with normal rabbit serum. It is noteworthy that each of the antisera to these three strains gave strong reactions with O28, IP421, and a clinical isolate, respectively, thus confirming that the weak reactions of these serotype strains were indeed due to capsule. Cross-testing of each serum sample with all heterologous strains suggested 14 different capsular (K) antigens among the 19 capsular strains. Four strains, including the O6 and O14 reference strains, reacted with both anti-O6 and anti-O14 reference antisera, and chemical analysis had already shown that these strains have identical or very similar acidic glucomannan polysaccharides. Two other cross-reactions occurred: IP421 and the reference O13 strain both reacted with antiserum O13 and also share identical acidic polysaccharides, while O5 and O28 produced a reciprocal cross-reaction. The detailed structures of these two acidic polysaccharides are not yet known, but it seems that they share the same amino sugar on backbones with different sugar compositions. No other cross-reactions were found.
Cetavlon precipitation. Table 1 lists the results of Cetavlon precipitation for all 31 S. marcescens strains tested. As with the Indian ink and Quellung tests, there was a high correlation between the production of acidic polysaccharide and a positive result. Precipitin lines were seen with the 19 capsular strains (including the acidic polysaccharide-negative but Quellung reaction-positive strain O9) and were absent when all other acidic polysaccharide-negative strains were tested. This correlation extended to strain O11, which was acapsular, as determined by microscopy. The precipitin lines were also produced by cells grown at 10ЊC and by boiled, acidified cells (pH 6). These results confirmed that capsule production was not inhibited by low temperatures and demonstrated that they were both heat and acid stable. The precipitin lines produced by extracts from the O4 strain (and its acapsular variant, strain O4-1; see below) treated at different temperatures are shown in Fig. 2 . 
Acapsular variants.
It was noticed that a small proportion of the cells of capsular strains were negative in the Quellung reaction, and when 100 to 120 cells of each strain were scored, the mean proportion was 8%, with a range of 3 to 28% (Table  2) . Each capsular type strain was then tested with the 11 typing phages to identify those phages which produced a pale halo around the zone of lysis, indicating capsule depolymerase activity (6) . Such capsule-specific phages were found for most of the type strains, and in each case, the phage giving the most prominent halo was chosen as the variant-selecting phage (Table 2). Two of the exceptions, strains O5 and O23, were lysed only by phage 4, which was therefore used in both cases, despite the lack of a depolymerase halo. The remaining exceptions, strains O12, O18, and O22, were retested but remained resistant to all 11 phages both at 100 RTDs and when undiluted. Attempts were made to isolate suitable phages for these strains from eight different sewage samples, but without success. Very little phage activity was detected, and there was no sign of a depolymerase.
Three phage-resistant colonies of each of the other 12 capsular type strains (including O5 and O23) were tested in the Quellung reaction and were compared with the parent strain. For some strains (strains O7, O9, O14, and O28), all three variants were negative, while for others (strains O1, O2, O3, O4, O5, O15, and O23) one or two of the variants still contained Quellung reaction-positive cells, although single colonies had been selected. Quellung reaction-negative variants, however, were successfully isolated from all these type strains. The 12th strain, strain O6, produced only variants which were capsular and highly mucoid, despite repeated experiments. This strain was also used to enrich the eight sewage samples, but no suitable phage was found.
To investigate their stability, the 11 acapsular variants were plated onto KA agar at approximately weekly intervals for 2 months and were tested with their homologous serum in the Quellung reaction every 2 or 3 weeks. Variants O3-1, O4-1, O7-5, and O9-1 remained negative throughout this period. However, variants O1-2, O5-1, O14-1, O15-4, O23-2, and O28-1 all, at some stage, produced a few capsular cells. Although reselection with the appropriate phage successfully eliminated these cells, this finding indicated that the variants were not completely stable. Consequently, all variants were tested in the Quellung reaction immediately before use in any experiment. Since experiments with the type strains had shown that capsule production was sometimes enhanced at 4ЊC, the variants were also tested after incubation for 1 week at this temperature, and all were negative. They were also negative by the Cetavlon technique, confirming the absence of a capsule (Fig. 2) .
DISCUSSION
In 1957, during an early study on the O serotyping of S. marcescens, Davis and colleagues (9) reported that "living suspensions prepared from many of the strains were agglutinable in O antisera but some were inagglutinable indicating the probable presence of K antigen. However, as far as we are aware, no serological studies on the putative K antigens have ever been published. Until the publication in 1985 of the structure of the A6/14 acidic glucomannan from strains O6 and O14 (7), the only other work on the capsules of S. marcescens was that of Adams and Martin (1) and Adams and Young (2, 3) in the 1960s. They isolated four different polysaccharides from the capsular layer of a single S. marcescens strain (2), only one of which was an acidic polysaccharide: a glucomannan with a structure different from that of A6/14 which was also found in extracellular material, LPS, and cytoplasmic polysaccharides (1, 3) . The cross-reaction between O6 and O14 has been extensively reported, and the discovery of a shared acidic polysaccharide provided a probable explanation. At the time (7), it was suggested that the polymer could form a microcapsule, and this was reiterated by Gaston and Pitt (12) , whose electrophoretic and immunoblotting studies showed that neither the O6 and O14 cross-reaction nor the O11 or O13 agglutination reactions were due to LPS epitopes. The results presented here have demonstrated that these antigens are typical capsules, as seen in many members of the family Enterobacteriaceae.
The capsules were clearly visible microscopically, provided that a suitable growth medium was chosen. Their presence was confirmed by an electrophoretic method developed by Ørskov (16) to determine whether the nontypeability of E. coli isolates was due to the absence of a capsule or to the presence of an unidentified K antigen. Cell extracts were subjected to electrophoresis in one dimension, and then the separated antigens were allowed to diffuse toward Cetavlon, a cationic quaternary ammonium compound known to precipitate only acidic and not neutral polysaccharides. Thus, the absence of any precipitin lines indicates an acapsular strain.
Acidic polysaccharides were derived from 16 of the 28 Oserotype strains, of which 15 were demonstrably capsular by the three detection methods. Strain O11 was atypical in that an acidic polysaccharide was identified, although no evidence of a capsule was obtained. It is conceivable that this acidic polysaccharide does not represent a capsule, but because this strain does not grow well on any of the media tested, producing exceptionally long, thin cells, the negative result may have been due to poor capsular expression. The reverse situation was seen with strain O9; capsules were present around the cells, although no acidic polysaccharide was isolated, possibly because the capsular polysaccharide did not partition into the aqueous phase during the phenol-water extraction or was not present in the batch cultures in nutrient broth. Eleven strains had neither acidic polysaccharide nor a capsule.
The chemical characteristics of these S. marcescens capsules, namely, the large size of their repeating units, low charge density, and high molecular weight and the presence of glucuronic acid, galacturonic acid, and pyruvate as acidic components, indicate that they more closely resemble Klebsiella and group I E. coli capsules than the smaller, more highly charged capsules of the group II E. coli (13) . This is consistent with their expression at temperatures below 20ЊC and their stability at pH 6 and 100ЊC and suggests that the presumed lipid at the reducing end of the molecule is likely to be lipid A rather than phosphatidic acid. Two acidic polysaccharides were found in more than one strain: A6/14 was not only isolated from the two type strains but was also isolated from the O8 strain CDC 1783-57 and the O21 clinical isolate S86/3049; A13 was present in the O14 strain IP421. In both cases, the shared polymer correlated with positive reactions by the Quellung reaction, confirming that the antigen was present in the form of a capsule. Strains O5 and O28 also produced cross-reactions by the Quellung reaction, despite chemically distinct acidic polysaccharides. These polysaccharides possess an identical amino sugar which may account for this cross-reaction. Since their capsules cannot be serologically distinguished, strains O5 and O28 must be considered to have the same K type. The remaining 12 acidic polysaccharides were associated with capsular serotype strains (as demonstrated by Indian ink and Cetavlon precipitation) which did not produce serological cross-reactions in the Quellung reaction, indicating that the sera raised against these serotype strains contained capsule-specific antibodies.
Thus, 14 different K types have been identified among the O-serotype strains of S. marcescens and can be readily be detected with the standard O-typing sera by the Quellung reaction. The fact that at least two of the S. marcescens capsules do not always associate with the same O type, namely, K6/14 and K13, may provide the basis of an additional typing scheme for this species.
